A comprehensive analysis of the influence of sulfate aerosol precursor gases and chemi-ions generation in the internal flow of a jet engine (gas turbine engine) on sulfate volatile aerosols and ion cluster formation in an aircraft plume is presented. The evolution of the aerosol size distribution and the chemical composition change is simulated using a previously developed quasi one-dimensional flow field model with coupled gas phase kinetics, aerosol nucleation, condensation, and coagulation processes. An increased abundance of the aerosol precursors SO 3 , HSO 3 , and H 2 SO 4 at the nozzle exit leads to an increased number of larger volatile aerosol particles, with diameter > 5 and 9 nm, than previously measured in aircraft exhaust plumes. Most of the gaseous H 2 SO 4 gets converted to liquid aerosol particles within about 1 s. 
Introduction
Particles emitted by aircraft can affect the atmosphere by increasing sulfate aerosol levels, cloudiness and atmospheric chemistry. [1] [2] [3] [4] To determine the role of aircraft emitted aerosols in changes of atmospheric processes, detailed information about size distribution, composition, type, and total amount of these aerosol particles is required. Aerosol particles observed in the plume are composed of volatile (liquid) and nonvolatile (with soot core) aerosols and ice particles. [5] [6] [7] [8] [9] [10] [11] Another important type of particle observed in the aircraft plume is an ion cluster. [12] [13] [14] [15] The charged clusters may play a significant role in the formation of large volatile aerosol particles. 16 Another possible mechanism of ion cluster influence on the volatile and nonvolatile particle formation is associated with ion cluster-soot interaction. Charged clusters formed in the near field plume can attach to soot particles, induce the charge on their surfaces and stimulate water or sulfuric acid uptake by the soot particles. Charged soot particles may agglomerate and form relatively large (with diameter $1 mm) submicron aerosol particles. The key questions in this problem are what kind of primary charged clusters may be abundant in a near field plume and what its concentration may be behind the nozzle exit.
Measurements have demonstrated that a large fraction of the particles was volatile, presumably containing condensed sulfuric acid. [17] [18] [19] Sulfuric acid has been measured at large concentrations in aircraft plumes after evaporation of the aerosol formed in the sample taken from the engine exhaust. 20 No gaseous sulfuric acid (GSA) has been detected in such measurements. 13 Only an upper limit for the GSA concentration of <2 Â 10 8 cm À3 could be obtained with the instruments available. Any GSA initially formed seems to experience rapid gas-to-particle conversion at plume ages <1.6 s.
Hence an understanding of the processes that control sulfate aerosol and ion cluster formation is important for investigation of the mechanisms of aircraft particle generation. In spite of the great progress attained in understanding these mechanisms some questions remain unresolved and introduce significant uncertainty into assessments of this problem. Recent investigations have shown that the formation of volatile aerosols in aircraft plumes depends on OH, SO 2 , SO 3 , H 2 SO 4 , and ion concentrations at the nozzle exit. [21] [22] [23] The present paper extends a previous analysis of the formation of S-containing species and chemi-ions inside an aircraft jet (gas turbine) engine 24 and investigates the influence of the components formed inside the engine on the concentration and size distribution of sulfate aerosol particles and ion cluster production in the near field plume of an aircraft at distances up to about 1 km behind the aircraft.
Model description
In order to calculate the gas dynamics and the dynamics of the non-equilibrium chemical and condensation processes in the near field plume, a quasi-one dimensional (Q1D) model was used. The model computes the plume cross-section F and the area-averaged velocity, temperature and pressure as a function of distance from the engine in the plume. The model uses a procedure, which was developed by Kozlov et al. 25 for turbulent wakes from engine nozzles at subsonic or low supersonic velocity. The flow field results are used to compute the photochemical and condensation processes assuming that these processes do not affect the flow. 26, 27 PCCP www.rsc.org/pccp
In order to identify the effect of SO 3 , HSO 3 , and H 2 SO 4 produced in the internal flow of the gas turbine engine on the aerosol particles and ion cluster formation we did not take into consideration any interaction between sulfate aerosols and soot particles. For the same reason any interaction of ion clusters with volatile aerosols and possible attachment of charged clusters to sulfate aerosols and soot particles is not modeled. But we have taken into account the fact that ambient air can contain the sulfur gases, mostly SO 2 , H 2 S, COS, CS, CS 2 . 28 So under combustion of even sulfur free hydrocarbon fuel with air the various S-containing species may be abundant at the nozzle exit.
The formation of gaseous H 2 SO 4 occurs as a result of SO 2 oxidation by the following mechanism: 4 and other chemical components, and consequently to a variation of the rates of reactions involving these species. Therefore, the equations of chemical kinetics should be integrated simultaneously with the equations describing the formation of the condensed phase.
The kinetic scheme employed by us to describe the non-equilibrium processes in the plume includes 237 reactions involving 70 neutral species, 26 namely, 
, as well as the processes of formation of ion clusters:
The rate constants for reactions with ions were selected as explained in ref. 24 . The chemical reaction mechanism of ion cluster formation comprises 49 reversible reactions with 30 ion clusters (see Table 1 ). The rate constants for forward reactions K þ and backward reactions K À were taken from refs. 12, 28 and 31-36 and presented in the form
, where E is the activation energy, T is the gas temperature, A and n are the coefficients. It should be noted that our model of ion cluster formation does not take into account the processes involving conversion of H 3 
n where X may be formaldehyde (CH 2 O), methanol (CH 3 OH), and ethane (C 2 H 6 ), which can be present in the engine exhaust. 37 The abundance of this type of ion cluster has been observed in the exhaust of a jet fuel burner. 38 In order to estimate the conceivable effect of the uncertainties in the magnitude of the rate coefficient for the reaction H 2 O þ SO 3 ! H 2 SO 4 on the GSA concentration in the plume and consequently on the sulfate aerosol particle formation we have considered two model cases: (1) the reaction of SO 3 with H 2 O is first order in the water vapor concentration for the total range of the plume temperatures 220 K < T < 600 K with the corresponding rate coefficient K þ ¼ 7. In the present study we consider a single jet plume of a B-747 aircraft with an RB211-524B engine at cruise (altitude H ¼ 10.7 km, Mach number M 0 ¼ 0.8). The boundary conditions for plume modeling are provided by the parameters and gas composition at the nozzle exit and in the background atmosphere as listed in Table 2 . The gas composition including S-containing species and chemi-ions at the nozzle exit was taken from calculations, as described by Starik et al., 24 of temperature, pressure, and species concentration evolution in the internal flow of the engine with the Q1D model of Savel'ev et al. 39 A prerequisite for successful modeling of the aerosols in the plume is the correct modeling of plume mixing. Fig. 1 shows the computed evolution of plume radius, R, temperature, T, and the related decrease of the normalized excess in temperature, DT, and in carbon dioxide mole fraction, DCO 2 , above ambient air along the plume axis. From measured dilution data 40 one expects a decrease of DT and DCO 2 with plume age t according to: (29/44) . The normalized value of DT at early plume ages is larger than that of the normalized DCO 2 since part of the heat leaves the engine in the form of kinetic energy and it takes turbulent mixing and dissipation to convert the kinetic energy into internal energy of the exhaust. For t ¼ 4 s, the empirical dilution law implies DT ¼ 1.4 K and DCO 2 ¼ 10
À4
. The model computes DT ¼ 1.8 K and DCO 2 ¼ 3.7 Â 10
À5
, which shows that the model computes plume dilution in reasonable agreement with observations.
The condensation growth of sulfate aerosol droplets has been computed using Euler's method of fractions. In this method the entire spectrum of droplets is divided into G separate fractions (numbered with g ¼ 1. . .G) so that the radius r of a droplet of the g-th fraction satisfies the conditions r g < r < r gþ1 . Within the Q1D approach the equations of conservation of mass of the i-th gaseous component of the mixture and the mass of the g-th fraction of droplets may be represented in the form:
Here, F ¼ pR 2 is the plume cross-section area, m i is the mass of molecules (atoms) of the i-th component; r i and r g are the plume area-averaged partial density of the i-th component and of the g-th fraction correspondingly; r i1 and r g1 are the constant partial densities of the i-th component and g-th fraction at the plume boundary (in the atmosphere); G i characterizes the rate of evolution of r i due to chemical reactions; J ci characterizes the combined rate of transformation of i-th component to the condensed phase due to homogeneous nucleation and heterogeneous condensation; w 0 , w g , Table 1 Reactions of ion clusters chemistry in the near field plume (4), (10), (14)- (16), (25) , (27) - (29) (21)- (24), (26), (30)- (35), (42), (43) (19) , (38)- (41) the rate constants were estimated on the base of formulas presented in ref. 36. and o g are the rates of variation of the mass of the g-th fraction as a result of nucleation, condensation, and coagulation, d 1g is the Kroneker symbol. The equations for calculation of w 0 , w g , and o g applied to Euler's method of fractions were described previously. 27 The kernel of coagulation was calculated in the same manner as in ref. 10 . The rate of condensation growth of droplets of the g-th fraction was calculated in accordance with the Hertz-Knudsen kinetic model for the free molecular mode taking the Kelvin correction into account. In our consideration, as in ref. 10 , we have assumed an accommodation (sticking) coefficient for H 2 SO 4 molecules of unity.
The range [0, r G ] (with r G ¼ 224 nm) was subdivided into a number G ¼ 140 of fractions. This number was found sufficient for convergence of the particle size distribution function for increasing subdivision. The principal differences between the Q1D model and box models as applied by Yu and Turco 16 and by Kärcher, 41 is that the Q1D model makes it possible to calculate directly the plume cross section area, temperature, and species concentration evolution along the plume for bypass jet engines including mixing of the core and the bypass jets with ambient air. Another benefit of our approach is that this model simulates the kinetics of various ion cluster formation in detail. Analysis of the results has shown that the chemical processes of ion cluster production as well as the evolution of the gaseous species NO x , HNO y , N 2 O 5 , HO z , SO x , HSO 3 , H 2 SO 4 are controlled in the plume by kinetics and exhibit a nonequilibrium behavior. Moreover, the computations show that both model cases (1) and (2) of approximation of GSA formation result in approximately the same GSA concentrations in the plume.
Effect of S-containing species on the formation of volatile aerosols in the young plume
As shown previously 21, 42 an increase of SO 3 concentration at the nozzle exit results in a growth of the size and number density of volatile aerosol particles. Previous analysis prescribed the SO 3 concentration as a free model parameter and did not take into account the presence of HSO 3 and H 2 SO 4 species at the nozzle exit besides SO 3 . However these species may be abundant in the nozzle exhaust as a result of strong oxidation of SO 2 and SO 3 inside the turbine and in the nozzle flow. 39, 43 To estimate the effect of SO 3 , HSO 3 , and H 2 SO 4 production in the combustor and in the turbine and nozzle flow on the formation of sulfate aerosols, we have compared the results of the full model (the standard case) with results obtained if all S-containing molecules leave the nozzle exit as SO 2 . In the latter case the concentration of SO 2 is prescribed at the nozzle exit such that the same sum of S-containing species is emitted in both cases, i.e. EI(
Because of burning S-containing air (see Table 2 ), SO 3 and H 2 SO 4 molecules are abundant in the nozzle exhaust even for FSC ¼ 0%. The abundance of SO 3 and H 2 SO 4 in the emitted gases results in formation of sulfate aerosols in the near field plume (at $100 m distance from the nozzle exit). But the diameter of these volatile particles remains small (less than 1.2 nm) and the concentration of the particles with d > 1 nm is around 5 Â 10 4 cm À3 , i.e., a factor of 10 4 smaller than for FSC ¼ 0.3% (see Table 2 ). The small size of sulfate aerosol particles and relatively low particle concentration at FSC ¼ 0% is caused by the low nucleation rate due to small H 2 SO 4 partial pressure in the engine exhaust. It should be noted that the abundance of a significant amount of gaseous H 2 SO 4 and small sulfate volatile particles (d % 0.8-1 nm) in the aircraft plume even for sulfur free fuel can lead to heterogeneous condensation of H 2 O/H 2 SO 4 on the surface of soot and to coagulation between sulfate aerosols and soot particles, and this may cause contrail formation at corresponding conditions.
In comparison with the case when only SO 2 is present at the nozzle exit, our analysis of the standard case shows that the abundance of SO 3 , HSO 3 , and H 2 SO 4 species in the nozzle exhaust leads to an increase of H 2 SO 4 partial pressure, nucleation rate, sulfur conversion efficiency, intensification of coagulation processes, change in the particle size distribution, and increase of a number of larger size volatile aerosols in the near field plume. Fig. 2 depicts the evolution of the H 2 O/H 2 SO 4 volatile aerosol number density, N a , with different diameters d along the aircraft plume axis for FSC ¼ 0% (a), 0.04% (b), and 0.3% (c) for both the standard case and the case when only SO 2 is abundant at the nozzle exit. For sulfur free fuel and only SO 2 present in the emitted gases, no sulfate aerosols form in the plume. At low fuel sulfur content (FSC ¼ 0.04%) the concentration of sulfate aerosol particles with d > 5 nm stays below 10 4 cm À3 even at a distance of 1000 m from the nozzle exit, even when SO 3 , HSO 3 , and H 2 SO 4 are produced in the Fig. 1 Evolution of plume radius, R, temperature, T, normalized temperature difference, DT, and normalized excess carbon dioxide mole fraction, DCO 2 , versus distance from the nozzle exit along the plume axis of a B-747 aircraft at 10.7 km. engine. If only SO 2 is abundant at the nozzle exit, the concentration of such aerosols is negligible. Schrö der et al.
8 measured large concentrations, of about 10 6 cm
À3
, of relatively large volatile particles with d > 5 nm in the near field plume of the ATTAS aircraft for lower FSC ¼ 0.026%. These results cannot be explained by the formation of sulfate aerosol precursors (SO 3 , HSO 3 , H 2 SO 4 ) in the combustor. Instead, emitted condensable hydrocarbons and chemi-ions were considered to be responsible for the generation of the observed large volatile aerosols in the aircraft plume. 37, 44 For FSC ¼ 0.3%, the aerosol precursors (SO 3 , HSO 3 , H 2 SO 4 ) produced in the internal flow of the engine cause a significant (by a factor of 100 compared to the case with pure SO 2 emissions) increase of the number density of sulfate aerosols with d > 5 nm. In this case the concentration of sulfate aerosol particles with d > 5 nm reaches 10 8 cm À3 . This value of sulfate volatile particle concentration is in agreement with measurements by Petzold et al. 45 for a B-737 aircraft. An increase of FSC from 0.04% to 0.3% leads to the formation of a considerable amount (N a $ 5 Â 10 4 cm À3 ) of even larger size volatile aerosols (d > 9 nm). But the concentration of these particles is smaller than the value of N a (d > 9 nm) observed in a B-737 plume by Petzold et al. 45 and in an ATTAS plume by Schrö der et al. 8 Aerosol concentrations of the magnitude computed have been observed during in-flight measurements by Fahey et al., 4 but in far older plumes ( > 15 min). The computed efficiency of conversion (mole fraction) of SO 2 ! SO 3 þ H 2 SO 4 (e) is 12.7% for FSC ¼ 0.04% and 11.8% for FSC ¼ 0.3%. The value of e in the plume depends strongly on the SO 2 conversion efficiency and on the calculation model used for turbine and nozzle flow. This fact is illustrated by Fig. 3 , which depicts the evolution of the conversion efficiency, e, along the plume axis of the aircraft at FSC ¼ 0.3% for two values of e at the nozzle exit: e ¼ 9.8% was calculated using the Q1D model 39 and e ¼ 2.9% was calculated using the box model with a linear temperature decrease from combustor to nozzle exits 46 (curves 1 and 2, respectively). Hence, details of thermodynamics in the engine are important for the conversion efficiency e. The change in e has a strong impact on the aerosol formation, as is to be expected. This can be seen from Fig. 4 , which shows the evolution of the number density of volatile sulfate particles with different diameters in the aircraft plume for both cases. For the smaller e computed by the box model, the aerosol number density with d > 5 nm in the plume is significantly smaller, far less than measured, 8, 45 and particles larger than 9 nm are rare in this case. The concentration of small sulfate aerosols with d > 2 nm is affected by the value of e only weakly. The larger concentration of sulfate aerosol particles with d > 5 nm and formation of particles larger than 9 nm at high e (e ¼ 9.8%) as compared to smaller e are caused by the larger concentration of GSA in the young plume for e ¼ 9.8%. This results in larger nucleation and condensation rates. As a consequence the small particles (d % 1-2 nm) form at a short distance from the nozzle exit ($40 m). Coagulation of these particles produces the larger aerosols with d > 5 nm and even particles with d > 9 nm. Fig. 5 depicts the GSA mole fraction and x, the ratio of GSA concentration relative to the total sulfuric acid concentration (including any fraction contained in liquid aerosols), as a function of plume age for the case when all S-containing species are abundant at the engine exit and for FSC ¼ 0% and 0.3%. One can see that the concentration of gaseous H 2 SO 4 rapidly decreases due to the gas-to-particle conversion up to the plume age around 1 s. The slight growth of GSA mole fraction after t ¼ 1 s may be explained by continued oxidation of SO 2 , which concentration for FSC ¼ 0.3% at the distance $240 m is as large as 1.5 Â 10 12 cm
. The value of x rapidly drops with increasing distance from the engine exit. For FSC ¼ 0.3% % the value of x at a plume age around 1 s is 10 5 times smaller than at the nozzle exit. At FSC ¼ 0% the value of x is much larger and remains larger than 10
À1
. Hence, the gas-to-particle conversion at FSC ¼ 0% is smaller by a factor of 10 4 than at FSC ¼ 0.3%. This is caused by the smaller partial GSA pressure and supersaturation value at FSC ¼ 0%. As a consequence, the nucleation and condensation rates are much smaller than for FSC ¼ 0.3%. The increase of x values in the plume at plume ages larger than 1 s for both FSC ¼ 0% and 0.3% is caused by the slight growth of GSA concentration due to oxidation of SO 2 to H 2 SO 4 and possibly by the decrease of the total sulfate aerosol number density after t ¼ 1 s (see Fig. 2 
Gas-phase mechanisms of ion cluster formation in young plume
Recent studies 24 have shown that a number of different ions are abundant in the nozzle exhausts of jet engines, mainly HSO 4 À , NO 3 À , NO þ , and H 3 O þ . The ion composition at the nozzle exit strongly depends on the value of FSC. This is seen from the results of our modeling listed in Table 2 . For FSC ¼ 0% the concentration of NO 3 À ions is a factor of 10 4 larger than for FSC ¼ 0.3% and, conversely, the concentration of H 3 O þ ions is a factor of 20 smaller. It is also known that ambient air may contain charged clusters. 15, 28 The total concentration of such clusters does not exceed 5000 cm À3 . The concentration of ions at the engine exit is far higher than in ambient air and further clustering of ions occurs when the exhaust products cool during expansion in the aircraft plume.
Therefore, ions that nucleate from galactic cosmic rays are of small importance for ion formation in the young exhaust plume.
Our -6 ) ion clusters in the plume. The scheme of negative and positive ion cluster formation in the near field plume is presented in Fig. 6 . It should be noted that at very short distances from the nozzle exit NO þ ions react with H 2 O and form charged clusters NO þ (H 2 O) m . But very rapidly these clusters transform to the H 3 
This is clearly seen from Fig. 7 , which depicts the evolution of different ion cluster mole fractions along the plume axis of the aircraft at cruise for FSC ¼ 0.3% and for small CH 2 1.2 Â 10 8 cm À3 at about the same distance from the engine exit at ground. Differences between ion concentrations observed at ground and computed at cruise are to be expected because of several reasons. One of them is the difference in pressure and temperature values in the engine combustor for cruise and ground conditions. 24 Another may be connected with inaccuracy of the modeling of the combustion processes in the aero-engine combustor. To compute the concentration of different ions at the combustor exit we have assumed premixed homogeneous burning in the model. Real aero-engine combustion chambers operate in a diffusion mode, with inhomogeneous distributions of fuel/air equivalence ratio and temperature in the combustor. In the homogeneous case of the model, the temperature remains around 1600 K. In the inhomogeneous case in reality, a narrow region with relatively high temperature (T $ 2000-2200 K) forms near the axis of the combustor. This may lead to the formation of ions at higher concentrations at the combustor exit than computed. The third reason is that heavy hydrocarbon ions such as C 19 H 11 þ , C 22 H 12 þ , C 59 H 19 þ , and others, may form in the enriched fuel zone of the combustor. Such heavy hydrocarbon ions are not included in the model but may add considerably to the total ion concentration. A larger abundance of ions at the engine exit would also cause larger ion concentrations in the exhaust plume.
Arnold et al. 12 measured a total negative ion concentration of larger than 1.6 Â 10 7 cm À3 at plume ages of around 10 ms in the exhaust of the jet engine of the ATTAS aircraft on the ground. Negative ions observed inside the plume of an Airbus A310 in flight at altitudes around 10.4 km were found to be mostly HSO 4 À (H 2 SO 4 ) m , HSO 4 À (HNO 3 ) n and NO 3 À (HNO 3 ) m with m and n 2. 13 An upper limit for negative and positive ion concentration was estimated as 2.8 Â . These values of ion cluster concentration are in good agreement with the reported upper limit for ion concentration obtained from in-flight measurements by Arnold et al. 13 Some differences between the model and the experimental results were to be expected because of the differences in the engines and atmospheric conditions.
The decrease of FSC leads to a strong increase of concentrations of CH 2 O at the nozzle exit are illustrated by the data listed in 3434 P h y s . C h e m . C h e m . P h y s . , 2 0 0 4 , 6 , 3 4 2 6 -3 4 3 6 T h i s j o u r n a l i s Q T h e O w n e r S o c i e t i e s 2 0 0 4 at FSC ¼ 0% (2 Â 10 4 cm À3 at 40 m distance from the nozzle exit) indicates that such aerosol particles with d $ 5 nm form (even for free sulfur fuel) because of burning sulfur containing air molecules.
Summary and conclusions
The effect of sulfur containing species on the formation of volatile aerosols is simulated in this study with a model, which covers the combined dynamics and kinetics of gaseous and ion species in the aircraft engine between the combustor and engine exits and in the young exhaust plume up to about 1 km behind a B-747 aircraft at cruise. The results are compared to measurements as far as available.
The numerical analysis has shown that SO 3 , HSO 3 , and H 2 SO 4 form besides SO 2 in the combustor and in the turbine and nozzle flow of a jet engine (gas turbine engine). The condensable sulfuric gases significantly affect the aerosol particle size distribution and increase the number of larger size volatile sulfate particles compared to the case when only SO 2 is abundant in the engine exhaust. For high fuel sulfur content (FSC ¼ 0.3%), the concentration of sulfate aerosols particles with d > 5 nm reach 10 8 cm À3 and the concentration of particles with d > 9 nm are as large as 5 Â 10 4 cm À3 in the modeled plume of the aircraft. Without SO 3 , HSO 3 and H 2 SO 4 species formation inside the engine, the concentration of sulfate aerosols with d > 5 nm is a factor of 100 smaller, and larger volatile particles with d > 9 nm are totally absent in this case. The ratio of gaseous to total sulfuric acid, x, for high fuel sulfur content (FSC ¼ 0.3%) drops from 1 at the nozzle exit by up to a factor of 10 4 with plume age increasing up to 1 s. For sulfur free fuel (FSC ¼ 0%) the reduction of x is only a factor of 10 because of slower kinetics. Only a small fraction of SO 2 gets oxidized to H 2 SO 4 in the plume after the engine exit. Most of the gaseous sulfuric acid gets converted to liquid aerosols within 1 s. This explains why no gaseous sulfuric acid was detectable in previous measurements at plume ages larger 2 s. The abundance of S-containing species, mostly SO 2 , H 2 S, and COS, in the ambient air leads to formation of SO 3 and H 2 SO 4 inside the engine and results in generation of small sulfate aerosol particles with d 1.2 nm in the plume even for sulfur free fuel (FSC ¼ 0%). The computed values of concentrations of large-size sulfate aerosols depends strongly on the method used for calculation of the evolution of combustion products inside the turbine and the nozzle and, as a consequence, on the value of sulfur conversion inside the engine. 6 . Other ions that may be present in the near field plume and potentially affect the volatile aerosol particle formation are heavy hydrocarbon ions, which are expected to form in the fuel-rich zone of the aero-engine combustor.
The charged clusters formed in the plume can potentially enhance the formation of large volatile aerosol particles, induce charges on the surface of soot particles and thus stimulate the uptake of polar water or sulfuric acid molecules by soot particles.
Numerous reactions are considered in this work and a detailed analysis of the errors resulting from uncertainties in the kinetic rate coefficients has still to be made. The computed aerosol properties agree with the observations in terms of trends with FSC and plume age, but the computed concentrations of large aerosol particles are smaller than observed for similar conditions. Improvements are needed in the modeling of a diffusion mode of combustion in the aero-engine and in the ion formation processes, in particular, with respect to the formation of heavy hydrocarbon ions. Corresponding experimental studies are also strongly needed.
